JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org.
The Hawaiian goose or nene restoration program, which emphasized releasing captive-bred birds into native habitat, was launched in 1949 on Hawaii when only 13 individuals were alive in captivity and fewer than 30 remained in the wild (Smith 1952 , Berger 1978 , Stone et al. 1983b ). Since 1960, about 2,150 captive-reared Hawaiian geese have been released into the wild with the aim of restocking the small, wild population that was by then desperately near extinction. When the project was initiated the geese already had become extinct on the other Hawaiian islands (Baldwin 1945) . The original demise of this tame goose was the result of extensive hunting (banned in 1907), habitat loss, and the introduction of predators such as mongoose (Herpestes auropunctatus), cats, dogs, pigs (Sus scrofa), and rats (Polynesian rat, Rattus exulans; black rat, Rattus rattus) (Kear and Berger 1980, Banko 1988) . In 1989-90, a total of 500 wild Hawaiian geese was estimated, but numbers in most areas were declining steadily (Black et al. 1991) . The release of large numbers of Hawaiian geese has not resulted in a self-sustaining wild population (Banko 1988; W. S. Devick, unpubl. data) . The Maui and Hawaii populations could become extinct within 50-150 years unless new levels of management are achieved (Black and Banko 1994, Black 1995) .
In the last =z10 years biologists and managers increasingly have questioned the wisdom of releasing the majority of Hawaiian geese at the 1161 upper elevations where the remaining flocks were living (Stone et al. 1983b , Banko 1988 , Black et al. 1991 , Black 1995 . The last of the wild Hawaiian geese were found at elevations above 1,524 m, which is approaching the upper limit of the historical range, i.e., from sea level to 1,829 m (Baldwin 1945, Banko and Elder 1990) . Because the remaining flocks were living in the uplands of Hawaii, earlier workers thought uplands were typical habitat for the goose. Altitudinal migrations to the uplands, especially during summer, were probable aspects of early Hawaiian goose behavior (Stone et al. 1983b , Banko 1988 , Banko and Elder 1990 .
With the exception of the program at Hawaii Volcanoes National Park the majority of Hawaiian geese have been released in habitats above 1,524 m where climatic conditions can be severe, ranging from prolonged drought to frequent cold temperatures and heavy rain. Largely because of the apparent lack of adequate food in the upland regions, especially during drought years, managers began to provide supplementary food in the form of scratch feed, small (<1 ha) grass areas and water (Banko and Elder 1990:63-65 
METHODS

Release Sites
Hawaiian geese were released at 6 specially established sanctuaries that were leased or purchased by the State/Federal agencies (Fig. ib; Kear and Berger 1980) . The sanctuaries included a low to mid-elevation site, Hawaii Volcanoes National Park (hereafter, Volcanoes) and 4 upland sites on the island of Hawaii: Keauhou II, Kipuka Ainahou, Keauhou, Kahuku; and an additional upland site on the island of Maui: Paliku in Haleakala National Park (hereafter, Haleakala). Release sites at Volcanoes consisted of various ages of scrubland on lava flows and grass pastures (Hoshide et al. 1990 , Banko 1988 . The upland Hawaii sites consisted of dry upper volcanic-montane scrubland and were managed by providing either self-feeders and water troughs/ reservoirs and/or fertilizing the scrub vegetation and/or planting small (up to 1 ha) areas of Kikuyu grass (Pennisetum clandestinum) within the sanctuaries (Banko and Elder 1990) . These management techniques also were employed at Puu 6677, a 1-ha area of scrub, in the middle of a lava flow 8 km from the Kipuka Ainahou Sanctuary. The Kahuku Sanctuary was adjacent to a grassland cattle ranch of the same name located 3 km down the mountain. Sightings from these 2 areas were not differentiated. The site on Maui (Fig. 2) , inside a volcanic crater (3 
Rearing and Release Methods
The majority of released Hawaiian geese were reared by the aviculturalist, Ah Fat Lee, at the Pohakuloa facility, Hawaii (Kear and Berger 1980) . First clutches were removed to enable parent geese to lay additional clutches. From 1949 to 1965 electric incubators, domestic hens, muscovy ducks (Cairina moschata), and silky bantams were used to incubate eggs. The majority of newly hatched goslings were removed from parents and reared in large groups. The peak number of breeding pairs at the facility was 40, but 30 pairs was the norm during the height of the program in the 1970s (Kear and Berger 1980) . With similar rearing methods, 200 goslings (reared at Slimbridge, U.K.) were shipped for release in Haleakala between 1962 and 1970. Most of the Hawaiian geese were released at 2-4 months of age, i.e., goslings in their first year. To enable the birds to adjust to the scrubland habitat, release pens were constructed that were about 0.5 ha. Predators were excluded from the pens and supplementary feed and water were provided. The birds were kept flightless in the pens by 4 methods (Banko and Elder 1990) : (1) feather clipping--clipping the outermost primaries on one wing, (2) feather pulling-removing the outermost primaries from one wing, which would grow back in 6-8 weeks, (3) feather binding-tying the outermost primaries on one wing for a period of 1-3 weeks, and (4) pre-fledging-releases were made 1-3 weeks before flight was first achieved (i.e., at about 10-12 weeks). At Volcanoes, goslings were reared by parents or foster-parents that were wing-clipped and kept in enclosures with supplementary feed and water (Hoshide et al. 1990 ). The goslings eventually flew from the pens.
Band Loss
Most geese were fitted with up to 3 differently colored bands on each leg. Many of these bands broke and fell off. Where possible, we kept track of birds after band loss using the following cues: (a) the order that the bands were fitted to each leg (and subsequently lost), (b) series of band color combinations were unique to specific release sites and dates, and (c) the mate's color bands. Each bird was allocated a unique bird number throughout its life, such that even after losing one or more of its color bands, the bird could be identified individually on the database. At Volcanoes, aluminum bands with engraved numbers were fitted. Since 1990, field workers have been refitting the geese with an engraved, plastic band on one leg and a U.S. Fish and Wildlife Service aluminium band on the other leg.
Capture-recapture Models
More than 25,000 records of releases and subsequent resightings of banded Hawaiian geese were extracted from field notebooks and reports and entered on a computerized database. We analyzed patterns of annual mortality by using the SURGE computer program to fit capture-recapture models to the resightings data (Lebreton and Clobert 1986, Lebreton et al. 1992 ). We considered 3 variables affecting survival, namely year (time), age-class and release method. Where the age-class was concerned, first year birds, or goslings were compared with adult birds, i.e., goslings that survived beyond their first year. Models were fitted separately to the data from each release site. We identified the simplest model that adequately described each dataset (using likelihood ratio tests) by comparing the most complete model with models that excluded parameters (Lebreton et al. 1992) . If removal of model parameters resulted in a significant change in model deviance (indicated by the associated df and P values) the parameters were replaced for subsequent comparisons. The final model contained only those parameters that significantly explained the variation in survival and resighting probabilities. Models of this type require that resighting rates be estimated in addition to survival rates, in order to reduce the bias caused by differences in resighting probabilities. Banko and Elder (1990) documented a series of narratives from field biologists about the lack of food during the drought in upland areas. We used this information to consider whether mortality among sites may have been linked with incidence of drought.
Movements and Breeding Effort
For the birds released on Hawaii we determined movement between sites when a marked Table 1 . Number of released Hawaiian geese that were identified for use in the SURGE analysis. The style of rearing and release is indicated: a = reared by parents and released before fledging; b = reared in sibling groups and feather-clipped; c = reared in sibling groups and feather-pulled; d = reared in sibling groups and feather-bound; and f = reared in sibling groups and released before fledging. An asterisk indicates the years in which there were sufficient resighting data available for inclusion in the analysis. bird was seen at a site other than its release site. We present data on the frequency of movements away from and to each sanctuary. These movements provided us with a clue about the birds' preference for sites and how this changed over time (e.g., in years with or without drought). On visits to Hawaiian goose sanctuaries an area of up to about 3 km from the release sites was searched for territorial pairs and their nests and/or subsequent offspring. Clutch size and hatching success was recorded (also see Banko 1992) . We used the proportion of successful nests to estimate the relative success of this reintroduction program and compare this with the number of birds that were released in each site. This comparison provides a crude measure of the likely recruitment into the population, given a particular amount of reintroduction effort for each release site.
RESULTS
Survival and Movements
Hawaii Volcanoes National Park (15-1,220 m).-Analysis was based on data from 192 Hawaiian geese released over a period of 16 years (Table 1) ; all birds at this site were parent or foster-parent reared. Sufficient resighting data were available for 14 years between 1976 and 1989 (Fig. 3a) .
Hawaiian geese released at Volcanoes apparently survived much better than those released at any other area of Hawaii or on Maui, although a statistical comparison was not valid due to the disparity in resighting effort. The model for Volcanoes was the most precise be-J. Wildl (Banko and Elder 1990 ): Prolonged drought 1976 -77 to 1977 -78 and 1980 -81 to 1982 cause the resighting data were more extensive than from other sites. Mortality rates were less than 15% in all but 3 seasons, 1984-85, 1986-87 and 1989-90 (Fig. 3a) . Based on the final SURGE model, only the year significantly affected variation in survival rates (Appendix A: Table 1 ). Movements away from lowland sites in Volcanoes were recorded on 2 occasions and in both cases the birds returned.
Keauhou II Sanctuary (or Hualalai Volcano, 1,585 m).-We based the analysis on data from 343 Hawaiian geese released over a period of 16 years using 4 release methods (Table 1) . Sufficient resighting data were available for 10 years between 1967 and 1980 (Fig. 3b) .
Mortality rate varied considerably between years, with relatively high death rates recorded in 1976-77 and 1977-78 during the prolonged island-wide drought (Fig. 3b , Appendix A: Table  2 ). Goslings released in 1969 and 1972 had more than a 50% higher mortality rate than adults (19.5 vs. 12.0; 17.7 vs. 11.6%), whereas goslings released in 1976 survived better than adults (mortality 34.3 vs. 47.5%). Based on the final SURGE model, however, only the year significantly affected variation in survival rates (Appendix A: Table 2 ).
There were 28 records of movements between sites for birds released at Keauhou II (Fig. Ic) . Many of these movements were by the same few birds, often in pairs. The most common routes were to Puu Waawaa Ranch and Keauhou. The large number of Keauhou II-released birds present at Keauhou in the 1970s were attributed to the translocation of 13 birds in 1972. These birds survived well at the Keauhou Sanctuary until the 2-year drought. One bird flew across the Alenuihaha Channel to Maui about 100 km away.
Kipuka Ainahou Sanctuary (1,705 m).-We based the analysis on 320 Hawaiian geese released over a period of 3 years using 2 release methods (Table 1) . Sufficient resighting data were available for 7 years between 1974 and 1980.
Mortality rates for Kipuka Ainahou-released birds varied significantly with age-class and release method (Appendix A: Table 3 ). Adults survived significantly better than goslings. Geese released before fledging survived significantly better than those released with the featherpulled method (Fig. 4) .
There were 180 recorded movements be- (Fig. 5a) . Because of its size the Keauhou data set was not split into separate release cohorts as the parameter matrix would have exceeded the limits of the SURGE program.
Mortality rate was year and age-class dependent (Appendix A: Table 4 ). However, substantial numbers of Hawaiian geese were present at the Keauhou Sanctuary between 1970-71 and 1978-79 . Outside this period the estimated rates of mortality were less robust, due to large standard errors (Fig. 5a ). The analysis shows an increase in mortality in 1976-77 and 1977-78 during the prolonged drought (Fig. 5a) 1977-78, 1980-81 and 1982-83 revealed that the mortality of Keauhou-released birds was significantly higher (x2 = 12.24, 1 df, P < 0.001). First-year mortality at Keauhou was high (80%) in 1976-77 when birds were released at the beginning of the drought. First year survival still appeared poor in more recent years (range 49-85%) even without drought conditions. The exceptionally cold weather in 1968-69 also was associated with high levels of mortality (40%). During the drought in 1972-73, which was apparently less severe, there were no elevated levels of mortality.
There were 73 recorded movements between areas by birds released at the Keauhou Sanctuary (Fig. le) . The most commonly noted movements by birds released at Keauhou were journeys away from the Keauhou Sanctuary, mainly to either Puu Oo Ranch or Volcanoes. Most of the movements to Puu Oo Ranch were recorded in the late 1960s and early 1970s. There were 11 recorded movements from Puu Oo Ranch back to Keauhou. The movement to Volcanoes occurred after the establishment of the Volcanoes flock. Once in Volcanoes the geese remained there.
Kahuku Sanctuary and Ranch (1,100-1,980 m).-We based the analysis on data from 409 geese released over a period of 25 years using 3 release methods (Table 1) . Sufficient resighting data were available for 7 years between 1967 and 1980 (Fig. 3c) .
Based on the final SURGE model, only the year significantly affected variation in mortality rates (Appendix A: Table 5 ). Before the period of prolonged drought, mortality rates ranged between 6.4 and 25.7%, whereas during drought years it rose to 44-49%. There was no obvious explanation for the low survival rate in 1975-76 when about half of the population died, however, the high mortality rates seen between 1977-78 and 1980-81 were likely the direct result of the prolonged island-wide drought. A second notable feature was that annual adult survival was always better than firstyear survival, although the difference did not reach significance in the model. The difference was particularly extreme in 1980-81 when first year mortality was 66.7% compared to an adult mortality of 21.7%. High mortality rate in the years following severe drought suggests that the negative effects of drought may be carried over to subsequent years.
At Kahuku feather-pulling was used in most cases, except in 1969 when feather-binding was used. There was no difference in first-year mortality between these methods.
There were 44 recorded cases of movement between areas by Hawaiian geese released at the Kahuku Sanctuary (Fig. If) . The most commonly noted movements (70%) were journeys away from the Kahuku Sanctuary; more than half moved to Keauhou Sanctuary and then on to Puu Oo Ranch and Volcanoes. All but one of the other 13 movements were of birds moving between Keauhou, Puu Oo Ranch, Kipuka Ainahou, and Volcanoes. In the late 1960s many of the birds seen in Keauhou appeared there quite soon after their release at Kahuku. Birds released in the late 1970s that moved away from Kahuku generally did so after a longer post-re- (Fig. 5b) .
Compared with the upland sanctuaries of Hawaii, the geese released at Haleakala fared well (Fig. 5b) . Overall, juvenile mortality was 18% and adult mortality was 13%. Mortality rate was year and age-class dependent (Appendix A: Table 6). For example, nearly 50% of the goslings released in the first season (1966-67) died within the first 12 months, whereas subsequent releases were more successful. Adult mortality was lower than gosling mortality in all but the 1977-78 season. Banko and Elder (1990) review the movements of birds released in Haleakala. Although a majority of the birds were re-sighted inside the crater fewer than 8 km from the release site, several other movements around Maui have been recorded. Ten or 11 Hawaiian geese flew 
Breeding Effort
We recorded 515 nests of which 188 (36.5%) had at least one gosling hatch in them. Fourhundred and seventy-three goslings hatched, yielding 0.92 goslings per nest attempt (Table  2) . Overall, a mean of 0.22 goslings was hatched per released bird; earlier work has shown that few of these goslings survive to fledging age (Banko 1992) . A broad comparison between sites revealed that the lowest reproductive rates occurred in the upland areas of Hawaii (Table  2) which is not surprising since the geese in these areas also survived less well. The rank order, from best to worse, in terms of reproduction by birds released in different areas, was Volcanoes, Haleakala, Keauhou, Kipuka Ainahou, Keauhou II, and Kahuku.
DISCUSSION
In migratory goose populations that are not hunted annual mortality ranges between 5 and 16% Black 1989, 1990; Ebbinge et al. 1991) . The range in annual mortality for released Hawaiian geese was between 0 and 87% (Table 3) . Variation in mortality of these geese was affected primarily by temporal effects. In this case, it was probably the severe dry weather experienced at most sites between 1976 and 1983 that affected food availability. Other factors that influenced mortality were release method and age-class (gosling vs. adult). Geese released in the uplands of Hawaii that did survive moved away from the release site to sites with grasslands or supplemental feeders. Table 4 . Movements of released Hawaiian geese away from upland sanctuary release sites. Whereas Volcanoes birds moved from their release site less than the others, Kipuka Ainahou and Keauhou birds moved more frequently. X2 and P values refer to a stepwise comparison between (1) upland vs. lowland sites and (2) between all upland sites in order of emigration rank (1 df, sexes combined). Birds that were never seen after their release have been excluded. Geese released at Volcanoes and Haleakala survived at respectable levels, 7 and 13% mortality. These levels may have been achieved because the birds were able to find sufficient food in drought years; the geese at Volcanoes and Haleakala had access to more grassland habitats than at the upland sites on Hawaii (Baldwin 1945 , Black et al. 1994 ). An additional bonus for the Volcanoes-released birds was that they had the opportunity to learn social skills from their parents, that may have influenced their survival probability after release (Black and Owen 1987, Marshall and Black 1992) .
All birds were released into enclosures so they became familiar with the habitat before flying into the wild. Geese that were released before fledging, and therefore were not made temporarily flightless, survived better than those that were. It is likely, especially during periods of drought, the vegetation in the release pen was not sufficient for the 8-10 weeks that it took for pulled or clipped feathers to regrow. Feather growth may have been retarded in years with limited food (Hohman et al. 1992) , thus prolonging their time in the release pens. Few items in the diet of goslings in the Keauhou Sanctuary release pens were high in protein, which is necessary for feather replacement and normal gosling growth (J. M. Black and J. Hunter, unpubl. data) . Furthermore, after fledging, their ability to fly well may have been impeded.
Comparison of the frequency of movements (percent emigration; Table 4) of birds released in different sanctuaries indicates a relative preference for sites: (from most to least preferred) Volcanoes, Puu 6677, Puu Oo Ranch, Keauhou II, Kahuku, Keauhou, and Kipuka Ainahou. The Volcanoes site, at lower elevation, was superior to the other sites for several reasons. The site consisted of a varied habitat, including native scrubland with some adjacent grassland sites that were managed inadvertently for the geese (Black et al. 1994) . In one area in particular, the Kau Desert, the low predator density may have encouraged the establishment of nesting in the area (Stone et al. 1983a,b; Hoshide et al. 1990 , Banko 1992 . Furthermore, the Hawaiian landscape, with its proximity to the ocean and active volcanoes, is exceptional in creating sharp microclimate variation (Wagner et al. 1990 ). Such variation may have enabled the birds to find pockets of food even in times of drought. The less preferred sites are characterized as dry upper montane-volcanic scrubland. The field notes indicate that these sites were prone to poor conditions during prolonged drought. Apparently the feeding stations, water troughs, and grass areas that were provided at these sites were not adequate to sustain the birds or to keep the survivors in the area. When alternative habitats were found by the released geese they tended not to return to release sites.
The birds that were released at Kipuka Ainahou Sanctuary, an upland scrub habitat, differed from the others, in that they survived at similar rates in all years, even during periods of drought. This site was 4 km from Puu Oo Ranch, a cattle ranch with abundant grasslands and several well-vegetated lakes that may have been used for roosting, feeding, and drinking. These 2 areas also were frequented by a remnant population of wild Hawaiian geese in the 1950-60s. Frequent movements between the 2 sites have been reported (Banko and Elder 1990) . Perhaps the Kipuka Ainahou-released birds survived drought years better than those released in other upland sanctuaries because they learn the route to Puu Oo from the wild birds; majority of movements from Kipuka Ainahou (during the prolonged drought) was to Puu Oo and once there few birds returned (Fig. Id) .
If conditions were poor at release sites, why did all birds not move to better sites? Apart from the potential negative effect of making the birds temporarily flightless in the release pens, some geese may not have ventured far enough to discover a better situation. Presumably, when Hawaiian geese were numerous on Hawaii and Maui they travelled up and down the mountains to make use of the vegetation according to the phenology of the plants (Baldwin 1945 , Munro 1944 , Banko 1988 . Perhaps when drought affected feeding areas the birds moved on to previously experienced alternatives. Traditional shifts between foods at different times of year is a hallmark of goose behavior (Owen 1980) . However, in these highly social animals (geese), traditions are learned, so new routes may take several generations to develop.
Most Hawaiian geese living in the wild are not achieving adequate levels of reproduction (Stone et al. 1983a,b; Hoshide et al. 1990 , Banko 1992 , such that most of the subpopulations are declining steadily (Black et al. 1991, Black and Banko 1994) . Food and predation have been identified as the main limitations on reproduction (Banko 1992 , Black et al. 1994 , Black 1995 . The best levels of nest success recorded in this study were at Volcanoes and Haleakala. At both sites managers have been attempting periodic, small scale predator control measures (Banko and Elder 1990) . The birds in these sites also use grassland habitats that are adjacent to scrubland areas where nesting occurs. These grasslands were managed through human use (Kipuka Nene Campground and Volcanoes golf course) and grazing (Paliku horse pasture Kapapala Ranch and Ainahou Ranch, Volcanoes; Black et al. 1994 ).
MANAGEMENT IMPLICATIONS
The recovery program for Hawaiian geese has been one of the most intensive of all threatened waterfowl, but it has yet to result in a selfsustaining population (Black 1998) . It has been suggested that although the release of 2,150 captive-bred Hawaiian geese effectively had postponed extinction in the wild (i.e., only 30 birds in 1950s compared with 500-700 in 1990s), addressing habitat management issues should receive priority in the future, rather than further reintroductions (Black 1995 (Black , 1998 . However, Black and Banko's (1994) computer simulation predicted that without further release of captive-bred birds and without proactive habitat creation and predator control, the population in the wild soon may become extinct. Given the precarious position of the species, we suggest that until an appropriate series of goose-friendly habitats have been established, captive-breeding and husbandry is still required, not only to boost numbers, but to maximize genetic diversity between subpopulations (Rave 1995 , Black 1995 . Goose-friendly habitats mean refuges with an abundance of high protein food that are adjacent to natural scrubland nesting areas, with appropriate rainfall and/or irrigation, and where predators are controlled (Banko 1992 , Black et al. 1994 , Black 1995 . Elsewhere we show that the small population at Volcanoes may already be near saturation point of that largely unmanaged habitat, such that additional breeding pairs probably would have to be supported or encouraged by creating and managing habitats (Black et al. 1994) .
Because some of the variance in success in this program may be attributed to captive rearing and release methods, translocation techniques may be an option. Translocating adults and/or whole families is known to be more successful than releasing captive-bred animals (Griffeth et al. 1989) . Translocating families could be used as a method for introducing migratory traditions between managed refuges, thus enabling natural gene flow between sites and perhaps between islands. J. Wildl. Manage. 61(4):1997 One of the aims of the Nene Recovery Initiative was to create a comprehensive database from field notes on released and wild Hawaiian geese (Black 1995) . We outline the assessment that is possible with the newly established database. Future initiatives should include provisions for the continuation of regular field trips to monitor the fate of released birds and their subsequent progeny (e.g., re-sighting banded birds, conducting banded or unbanded flock counts, recording age-ratios and assessing the fate of nests). Updating the database and further analyses is necessary. Recovery techniques can be improved by conducting periodic analyses and assessments of the data (Black 1991 , Kleiman et al. 1994 ).
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